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CHLORINATION  OF  NATURAL  GAST. 


By  G.  W.  Jones,  V.  C.  Allison,  and  M.  H.  Meighan. 


INTRODUCTION. 

In  the  course  of  its  investigations  looking  to  a  more  efficient 
utilization  of  the  fuel  resources  in  the  United  States,  the  Bureau  of 
Mines  has  undertaken  an  investigation  of  the  production  of  useful 
products  by  the  chlorination  of  natural  gas.  Many  natural  gas 
fields  in  the  United  States  yield  gas  which  is  free  from  the  higher 
paraffins — propane,  butane,  and  pentane — and  is  especially  suitable 
for  making  chlorinated  products.  The  natural  gas  from  several  of 
these  fields,  notably  those  in  Louisiana,  Texas,  Wyoming,  and 
California,  where  the  wells  are  too  remote  from  industrial  centers 
and  large  cities  to  warrant  the  expense  of  piping,  could  be  made 
into  chlorinated  products.  The  natural  gas  from  fields  near  indus- 
trial centers  can  be  disposed  of  to  supply  the  industrial  and  domestic 
needs  at  relatively  high  returns,  and  in  these  fields  it  may  be  more 
profitable  to  use  the  gas  in  this  manner  than  for  making  chlorinated 
products. 

In  the  work  covered  by  this  report  only  the  so-called  "dry  gases" 
were  investigated.  The  "wet  gases"  from  wells  located  in  isolated 
places  are  utilized  at  present  for  obtaining  gasoline  by  treating 
them  either  by  the  compression  or  the  absorption  method.  Certain 
chlorinated  products  might  be  profitably  manufactured  from  the 
"wet  gas"  after  the  gasoline  is  recovered.  On  the  other  hand,  the 
"dry  gases,"  consisting  chiefly  of  methane  and  at  times  small  pro- 
portions of  ethane,  are  of  no  value  for  gasoline  production.  Such 
gas  offers  possibilities  for  the  production  of  methyl  chloride,  chloro- 
form, and  carbon  tetrachloride. 

SCOPE  OF  WORK. 

The  work  described  in  this  report  was  confined  to  the  effect  of 
different  catalyzers  on  the  chlorinating  reaction;  also  the  effect  of 
temperature  and,  to  a  smaller  extent,  that  of  water  vapor  were 
observed.  As  many  variables  enter  into  the  reaction,  all  condi- 
tions were  kept  as  constant  as  possible  and  variations  made  only 
by    changing    catalyzers,    temperature,    and    water-vapor    content. 
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No  attempt  was  made  to  study  the  effect  of  pressure  and  reaction 
velocity. 

The  apparatus  was  designed  with  the  idea  of  having  it  simple  but 
complete  enough  to  give  all  the  data  desired.  The  tests  were  run 
at  such  a  rate  6i  gas  flow  that  the  temperature  could  be  quite  accu- 
rately controlled  and  the  heat  of  reaction  taken  care  of  by  radiation 
and  by  the  heat  required  to  heat  up  the  inflowing  gases.  At  higher 
rates  of  gas  flow  the  large  amount  of  heat  produced  would  necessi- 
tate removal  by  artificial  methods.  Work  now  in  progress  indicates 
that  this  can  be  accomplished  by  introducing  some  of  the  chlori- 
nated products  along  with  the  gases,  thus  keeping  down  the  tem- 
perature by  the  heat  capacity  of  the  inert  gasified  liquids,  or  can  be 
brought  about  by  the  use  of  cooling  coils  surrounding  the  catalyzer. 

HISTORICAL  DATA. 

Among  the  first  investigators  to  work  on  the  chlorination  of 
natural  gas  may  be  mentioned  Berthollet,1  who  found  that  unless 
the  reaction  between  chlorine  and  methane  was  carried  out  very 
slowly  explosions  occurred  and  separation  of  carbon  residues  resulted. 

Phillips2  passed  chlorine  and  natural  gas  (methane)  through 
heated  tubes  containing  sand,  asbestos,  and  bone  black;  he  found 
that  the  tendency  was  to  form  methyl  chloride  and  carbon  tetra- 
chloride with  very  little  of  the  intermediate  products.  When  the 
temperature  became  too  high,  carbon  deposited. 

Tolloczko  and  Kling3  made  experiments  using  an  excess  of  either 
chlorine  or  natural  gas  to  prevent  explosions.  High  temperatures 
and  sunlight  caused  the  reaction  to  take  place  with  explosive  vio- 
lence. When  the  gas  rate  was  about  two  and  one-half  liters  per 
hour  about  two  grams  of  product  per  liter  of  gas  was  obtained,  or  an 
efficiency  of  about  30  per  cent.  They  tried  low  temperatures  in  the 
presence  of  catalyzers,  and  obtained  a  product  containing  varying 
amounts  of  CC14,  C2C14,  C2Cle,  C4Cle,  and  C6C16,  when  an  excess  of 
chlorine  was  used.  Poor  yields  were  obtained  when  an  excess  of 
natural  gas  was  passed  through  the  apparatus.  The  gas  was  some- 
times passed  through  the  system  more  than  once. 

Baskerville4  used  a  carbon  and  iron  arc  to  produce  actinic  rays, 
and  found  the  chlorination  was  not  affected,  but  lights  rich  in  the 
visible  blue  spectrum  were  helpful.  He  obtained  yields  as  high  as 
25  per  cent  of  chloroform  and  carbon  tetrachloride.  Ultra-violet 
light  was  of  little  value. 

■  Berthollet,  Mareellin,  Synthese  de  l'esprit-de-bois:  Ann.  Chun.  Phys.,  [3]  t.  52, 1858,  p.  98. 

2  Phillips,  F.  C,  Substitution  products  by  the  action  of  chlorine  on  natural  gas:  Am.  Chem.  Jour.,  voL 
16, 1894,  p.  361. 

3  Tolloczko,  S.  and  Kling,  K.,  Chlorination  of  natural  gas:  Jour.  Soc.  Chem.  Ind.,  vol.  32, 1913,  p.  742. 

*  Baskerville,  C,  Chlorine  substituted  products  of  methane:  Jour.  Ind.  and  Eng.  Chem.,  vol.  5, 1913,  p.  5. 
Baskerville,  C,  and  Riederer,  H.  S.,  The  production  of  chlorine  substitution  products  of  methane  from 
natural  gas:  Jour  Ind  and  Eng.  Chem.,  vol.  5, 1913,  p.  5. 
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Bedford6  made  use  of  a  white  flaming  arc  and  caused  the  reaction 
to  take  place  at  low  temperatures.  He  found  that  the  chlorination 
took  place  easily  and  went  to  completion,  forming  carbon  tetrachlo- 
ride.    The  low  temperature  was  obtained  by  using  ice  and  water. 

A  great  many  patents  have  been  issued  on  the  chlorination  of 
natural  gas,  comprising  design  of  apparatus,  use  of  actinic  rays  as 
flaming  arcs  and  ultra-violet  light,  and  different  kinds  of  catalyzers. 
Some  of  these  methods  may  be  in  use  at  the  present  time,  espe- 
cially those  for  making  methyl  chloride. 

List  of  patents  on  chlorination  of  natural  gas. 

Mallet,  J.  W.,  Improvements  in  the  manufacture  of  chloroform  and  allied  products, 
U.  S.  Patent  No.  220397,  Oct.  7,  1879. 

MacKaye,  J.,  Process  of  obtaining  chlorine  compounds  from  natural  gas,  U.  S. 
Patent  No.  427744,  May  13,  1890. 

Colin,  T.  F.,  Process  for  producing  chlorides  of  carbon,  U.  S.  Patent  Nos.  880900, 
Mar.  3,  1908;  1009428,  Nov.  21,  1911. 

Blackmore,  H.  S.,  Making  carbon  chlorides,  etc.,  U.  S.  Patent  No.  889573,  June  2, 
1908. 

Pfelfer,  I.,  and  Szarvasy,  E.,  Making  halogen  derivatives  of  hydrocarbons,  U.  S. 
Patent  No.  1012149,  Dec.  19,  1911. 

Gratjl,  O.,  and  Hanschke,  G.,  Producing  halogenated  paraffin  hydrocarbons,  U.  S. 
Patent  No.  1032822,  July  16,  1912. 

Gratjl,  O.,  Process  of  making  chlorinated  hydrocarbons,  U.  S.  Patent  No.  1045139, 
Nov.  26,  1912. 

Lacy,  B.  S.,  Process  of  manufacturing  methyl  chloride,  U.  S.  Patent  No.  1111842, 
Sept.  29,  1914. 

Process   of    manufacturing    ethyl    chloride,    U.    S.    Patent   No.  1242208, 

Oct.  9,  1917. 

Bedford,  C.  W.,  Halogenation  of  gaseous  hydrocarbons  of  the  paraffin  series  and 
their  halogen  derivatives,  U.  S.  Patent  No.  1245553,  Nov.  6,  1917. 

Garner,  J.  B.,  and  Clayton,  H.  D.,  Manufacture  of  chlorinated  hydrocarbons, 
U.  S.  Patent  No.  1262769,  April  16,  1918. 

Dow,  H.  H.,  Halogenating  hydrocarbons,  U.  S.  Patent  No.  1306472,  June  10,  1919. 

Boyd,  H.  T.,  Chlorinating  hydrocarbons  of  the  paraffin  series,  U.  S.  Patent  No. 
1293012,  Feb.  4,  1919. 

Perkin,  W.  H.,  Weizmann,  C,  and  Davies,  H.,  Manufacture  of  halogen  deriva- 
tives of  organic  compounds,  English  Patent  No.  22653,  Oct.  4,  1912. 

Johnson,  J.  Y.,  Production  of  monohalogen  derivatives  of  the  paraffin  series, 
English  Patent  No.  4,766,  Feb.  26,  1912. 

Lacy,  B.  S.,  Methyl  chloride  and  methylene  chloride  from  natural  gas,  Canadian 
Patent  No.  173969,  Dec.  19,  1916. 

du  Pont,  de  Nemours,  E.  I.,  Process  and  apparatus  for  chlorination,  French 
Patent  No.  453406,  Jan.  21,  1913. 

Walter,  J.  [Process  for  chlorinating  methane],  German  Patent  No.  222919,  Nov. 
5,  1909. 

Strauss,  H.  [Manufacture  of  primary  mono-chloro  compounds  of  the  higher  hydro- 
carbons of  petroleum,  brown-coal  tar  oil,  and  the  like],  German  Patent  No.  267204, 
April  24,  1912. 

6  Bedford,  C  W.,  The  production  of  lower  chlorides  of  methane  from  natural  gas:  Jour.  Ind.  and  Eng. 
Chem.,  vol.  8,  1916,  p.  1090. 
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NATURAL  GAS  SUITABLE  FOR  CHLORINATION  PURPOSES. 

Of  the  many  natural  gas  fields  yielding  gas  which  contains  methane 
as  the  only  combustible  constituent,  the  Caddo  field  of  Louisiana  is 
the  most  important.  This  field  is  situated  in  Caddo  and  De  Soto 
Parishes;  it  supplies  gas  to  a  great  many  towns  to  the  north  as  far 
as  Little  Rock  and  Pine  Bluff,  Ark.  The  average  analysis  of 
the  gas  from  this  field  varies  from  95  to  99  per  cent,  methane,,  with  a 
small  proportion  of  carbon  dioxide  and  nitrogen. 

In  Colusa,  Fresno,  and  Kern  Counties,  Calif.,  many  gas  wells 
produce  only  methane  as  the  combustible  constituent.  The  wells  of 
Montgomery  County,  Kans.,  are  also  of  this  type.  In  Texas,  the 
Gulf  district  is  practically  all  a  methane  district.  In  all  these  fields 
the  gas  should  be  especially  valuable  for  chlorination  processes. 
Table  1  gives  a  list  of  the  different  methane  gas  districts  in  the  United 
States.  The  data  were  taken  from  the  records  of  analyses,  made  at 
the  Pittsburgh  experiment  station,  of  natural  gas  from  the  various 
districts  during  the  last  eight  years.  Some  of  the  wells  are  unimpor- 
tant and  the  daily  yield  may  be  small,  whereas  others  are  producing 
large  quantities. 
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CHEMISTRY  OF  THE  PROCESS. 

That  chlorine  will  react  with  methane  (natural  gas)  has  long  been 
known,  but  the  conditions  as  to  temperature  effects  of  catalyzers 
and  other  factors  are  not  stated  in  the  literature.  The  purpose  of 
this  work  was  to  establish  the  conditions  by  which  the  highest  yields 
could  be  obtained. 

The  general  tendency  has  been  to  use  a  large  excess  of  either 
chlorine  or  natural  gas  to  prevent  explosions.  If  a  large  excess  of 
either  gas  is  used,  the  products  desired  are  difficult  to  separate  from 
the  excess  of  inert  gas.  The  chlorination  system,  in  order  to  work 
successfully,  requires  the  presence  of  a  catalyzer  such  that  the  reac- 
tion will  proceed  smoothly  without  explosions  or  the  deposition  of 
carbon,  and  will  result  in  the  formation  of  the  substitution  products 
desired — for  example,  according  to  the  reaction,  CH4  +  4C12  =  CC14  + 
4HC1 — and  not  in  the  production  of  carbon  and  hydrochloric  acid. 
There  are  many  catalyzers  which  will  cause  chlorine  and  methane  to  re- 
act when  heated  high  enough,  say  to  about  400°  C.  In  fact,  no  catalyzer 
at  all  is  needed  at  these  temperatures  (400°  C),  but  the  reaction 
takes  place  rapidly  and,  being  exothermic  in  character,  causes  an 
explosion,  with  the  result  that  very  little,  if  any,  products  are  formed 
other  than  carbon  and  hydrochloric  acid. 

The  reactions  of  chlorine  with  methane  are  as  follows: 

For  the  formation  of  methyl  chloride : 

(1)  CH4  +  C12  =  CH3C1  +  HC1. 

For  the  formation  of  methylene  chloride  (dichlormethane) : 

(2)  CH4  +  2C12  =  CH2C12  +  2HC1. 
For  the  formation  of  chloroform: 

(3)  CH4  +  3C12  =  CHC13  +  3HC1. 

For  the  formation  of  carbon  tetrachloride  (tetrachlormethane) : 

(4)  CH4  +  4C12  =  CC14  +  4HC1. 
For  the  deposition  of  free  carbon: 

(5)  CH4  +  2C12  =  C  +  4HC1. 

One  would  expect,  when  a  given  volume  of  chlorine  reacts  with  an 
equal  volume  of  methane,  that  there  would  be  produced  an  equal 
volume  of  methyl  chloride  and  hydrochloric  acid.  This  reaction  is  not 
realized  experimentally ;  not  only  is  methyl  chloride  formed  but  other 
chlorine  substitution  products  as  well.  Likewise  similar  results  are 
obtained  for  reactions  (2) ,  (3) ,  and  (4) .  At  ordinary  temperatures  there 
is  no  reaction  whatever  between  the  gases  unless  subjected  to  the 
action  of  actinic  rays,  such  as  those  of  a  flaming  arc  or  ultra-violet 
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light.  At  about  250°  C.  the  methane  begins  to  react  in  the  dark  with 
the  chlorine  to  a  slight  extent.  At  temperatures  above  250°  C.  the 
reaction  velocity  increases  rapidly  and  soon  a  point  is  reached  at 
which  the  reaction  becomes  explosive  and  carbon  deposits.  Tem- 
peratures between  300°  and  400°  C.  have  been  found  the  most  suit- 
able for  the  reaction  and  still  give  a  wide  margin  below  the  tempera- 
ture at  which  carbon  deposits.  The  reaction  is  exothermic  and  from 
a  theoretical  standpoint  gives  a  calculated  temperature  of  about 
1,820°  C.  when  one  volume  of  methane  reacts  with  one  volume  of 
chlorine,  to  form  methyl  chloride.  Two  volumes  of  chlorine  should 
produce  a  temperature  of  about  2,290°  C.  when  caused  to  react  com- 
pletely with  one  volume  of  methane  to  produce  one  volume  of  di- 
chlormethane.  Likewise  three  and  four  volumes  of  chlorine  should 
produce  temperatures  of  about  2,760°  C.  and  3,270°  C.  when  reacting 
with  one  volume  of  methane  to  form  chloroform  and  carbon  tetra- 
chloride, respectively. 

These  calculated  temperatures  are  only  approximate,  for  no 
accurate  data  are  available  on  the  specific  heats  of  chloroform  and 
carbon  tetrachloride  at  high  temperatures. 

The  system  does  not  attain  these  high  temperatures  because  the 
heat  lost  by  radiation  and  by  conduction  through  the  apparatus,  and 
that  required  to  heat  up  the  inflowing  gases,  slightly  more  than 
account  for  the  heat  of  reaction  In  all  the  tests  given  in  this  report 
heat  had  to  be  supplied  continually  to  the  furnace  in  order  to  main- 
tain the  desired  temperature. 

The  authors  shielded  the  reaction  chamber  to  avoid  the  effects  of 
light  rays  on  the  reaction.  Light  causes  the  reaction  to  take  place 
at  lower  temperatures,  but  when  once  started  it  could  not  be 
controlled. 

The  analysis  of  the  different  products  was  a  difficult  matter,  espe- 
cially when  about  10  per  cent  of  the  gas  used  consisted  of  ethane  and 
traces  of  higher  hydrocarbons,  which  in  turn  produced  different 
chlorides  of  ethane,  etc.  The  procedure  employed  was  to  pass  the 
chlorinated  gases  through  water  scrubbers  to  remove  the  hydro- 
chloric acid  and  chlorinated  products  heavier  than  water.  Evidently 
these  chlorine  products  will  not  condense  unless  their  vapor  pressures, 
after  the  hydrochloric  acid  is  removed,  is  above  their  saturation 
pressure  at  the  temperature  of  the  water  in  the  scrubbers.  When 
excess  gas  is  passed  through  the  apparatus,  these  products  pass 
through  without  condensing  unless  low  temperatures  or  higher  pres- 
sures are  used.  If  the  temperature  of  the  scrubbers  is  assumed  to  be 
20°  C. — from  Table  2,  carbon  tetrachloride  at  20°  C.  has  a  vapor 
pressure  of  91.3  mm. — then  unless  there  is  present  in  the  exit  gas  an 

91  3 
amount  equivalent  to  ~Jq  X 100  or  12  per  cent,  no  carbon  tetrachlo- 
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ride  will  separate.     Likewise,  for  chloroform  the  limit  is    740  XlOO, 

or  21  per  cent;  and  for  methylene  chloride,    -.1   XlOO,  or  47  per 

cent.  The  values  for  the  ethane-chlorine  products  can  not  be  de- 
termined because  no  data  on  their  vapor  pressures  at  20°  C.  are 
available. 

Table  2. —  Vapor  pressures  of  chlorination  products  of  methane  and  etJuine. 


Product. 


Vapor  pressure  at- 


0°C. 


10°  C 


20°  C 


30°  C 


Methyl  chloride  (CHVCl) 

Methylene  chloride  (CH2CI2) 

Chloroform  (CHCI3) 

Tetrachlormethane  (CCL,) .  -  - 
Ethyl  chloride  (CH3CH2CI). 
Other  chlorides  of  ethane — 


Mm.  of  Eg. 

a  2. 49 

147.4 
61.0 
33.4 

465.18 

(«) 


Mm.  of  Eg. 
<J3.51 
229.7 
100.0 
56.3 
691.11 


Mm.  of  Eg. 
o4.83 
348.9 
158.4 
91.3 
996.23 
(») 


Mm.  of  Eg. 
a  6. 50 
511.4 
240.0 
141.1 
1,398.99 


a  Atmospheres. 


b  No  data  available  on  the  vapor  pressure  of  these  compounds. 


From  the  preceding  discussion  it  is  evident  that  the  residual  gas 
may  contain  carbon  tetrachloride  (tetrachlormethane)  equal  to  12 
per  cent,  chloroform  equal  to  21  per  cent,  and  methylene  chloride 
(dichlormethane)  equal  to  47  per  cent  before  condensation  will  take 
place.  Some  additional  products  were  obtained  in  an  ice-salt  bath, 
including  most  of  the  moisture  present  in  the  exit  gas. 

At  the  point  where  the  analysis  is  made  for  methyl  chloride,  not 
only  is  this  gas  present,  but  also  ethyl  chloride  and  other  residual 
gases  of  higher  chlorinated  products.  The  methyl  chloride  per- 
centages are  not  to  be  interpreted  as  giving  the  actual  percentages, 
but  only  as  a  comparison  between  the  different  catalyzers.  If  pure 
methane  gas  had  been  used,  the  results  could  be  interpreted  with 
greater  accuracy. 

THE  THERMAL  CONTROL  OF  THE  CHLORINATION  OF  METHANE. 

The  following  calculations  give  an  idea  of  the  complexity  of  the 
thermal  problems  involved  in  the  heterogenous  vapor-phase  reac- 
tions between  chlorine  and  methane.  The  value  for  the  specific  heat 
of  chloroform  was  taken  from  Landolt  and  Bornstein,  Physical 
Chemistry  Tables  (1905).  The  specific  heats  of  carbon  tetrachloride, 
dichlormethane    and    methyl    chloride    were    calculated    from    the 


Cp/Cv  ratio  (Landolt  and  Bornstein)  and  the  relation, 


*-  p        ^V         ■"> 


where  R  was  taken  as  1.985  calories.     The  heats  of  formation  were 
also  taken  from  Landolt  and  Bornstein. 
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Thermal  properties  of  ehlorination  products. 


Heat  ca- 

pacity of 

1  gram 

Specific 

molecular 

Material. 

heat  at 

at  constant 

Heat  of 

constant 

pressure 

formation. 

pressure. 

(molecular 

weight  X 

specific 

heat). 

Calories. 

Calories. 

Calories. 

CH3CI 

0.2040 

10.29 

29,000 

CH2CI2-  ... 

.1614 

13.70 

34,100 

CHCfe 

.1671 

17.77 

46,600 

ecu 

.1120 

15.88 

68,500 

HCl 

.1867 

6.81 

22,000 

CH, 

Clj 

.5930 
.1151 

9.49 
8.16 

V 

The  variation  of  the  heats  of  formation  with  the  temperature  are 
given  in  the  following  table.  As  no  data  could  be  obtained  on  the 
specific  heats  as  a  function  of  the  temperature,  the  specific  heats 
were  assumed  to  be  constant  over  the  temperature  range  from  0°  C 
to  400°  C. 

Variation  of  heats  of  formation  with  temperature  for  ehlorination  products. 


Material. 

Heat  ca- 
pacity of 
1  gram- 
molecule 
at  con- 
stant pres- 
sure. 

Heat  of  formation  at  constant 
pressure. 

Qo°c. 

Q«o°c. 

Qo'e./Q-woV 

CH3CI 

CHsCl,.... 

CHCI3 

CCI4 

HCl 

Calories. 
10.29 
13.70 
17.77 
15.88 
6.81 

Calories. 
29,000 
34,100 
46,600 
68,500 
22,000 

Calories. 
29,220 
33,500 
44,910 
65,940 
22,540 

0.992 
1.018 
1.038 
1.039 
.976 

Note.— Values  ranging  from  21,000  to  68,000  calories  are  found  for  Q0  of  CCU.    This  discrepancy  is  many 
times  greater  than  could  be  accounted  for  by  formation  of  the  allotropic  form  of  carbon  referred  to. 

The  method  by  which  the  values  given  in  the  column  Q4oo°c.  were 
obtained  is  given  in  the  following  example  for  methyl  chloride. 

CH4+C12=CH3C1+HC1. 

The  heat  capacity  of  1  gram-molecule  of  CH4  is  9.49  calories  and 
the  heat  capacity  of  1  gram-molecule  of  Cl2  is  8.16  calories.  To  heat 
the  CH4  and  Cl2  to  400°  C.  will  take  400  X  (9.49  +  8.16),  or  7,060 
calories.  If  the  reaction  proceeds  to  completion  at  400°  C,  1  gram- 
molecule  of  CH,C1  is  formed  with  a  heat  capacity  of  10.29  calories 
and  also  1  gram-molecule  of  HCl  with  a  heat  capacity  of  6.81  calories. 
Then  on  cooling  the  CH3C1  and  HCl  from  400°  C.  to  0°  C,  an  amount 
of  heat  equal  to  400  (10.29  +  6.81)  =6,840  calories  would  be  given  up. 
The  amount  of  heat  necessary  to  raise  the  temperature  of  the  CH4  and 
Cl2  to  400°  C.  (7,060  calories)  minus  the  amount  of  heat  given  up 
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when  the  CH3C1  and  HC1  are  cooled  from  400°  C.  to  0°  C.  (6,840 
calories),  leaves  220  calories.  The  heat  of  formation  at  400°  C, 
then,  is  equal  to  the.  heat  of  formation  at  0°  0.  plus  220  calories,  or 
29,220  calories. 

The  heats  of  reaction  for  the  four  principal  chlorine-methane  reac- 
tions follow : 

Heats  of  reaction  for  the  four  principal  chlorine-methane  reactions. 


Reaction. 

Heat  of  reaction— 

At0oC. 

At  400°  C. 

18,900+      0-29,000  +22,000 

Calories. 
J-29, 000+  22, 000- 18, 900=  32, 100 .. . 

J34, 100+44, 000- 18, 900=  59, 200. . . 

|46, 600+66, 000- 18, 900=  93, 700. . . 

Calories. 

CH4+  CI0-CH3CI  +HC1 

32,860 

18,900+      0-  34,100+44,000 

CH4+2Cl2-CH2Cl2+2HCl 

59,680 

IS  900+      0—  46,600+66,000 

CH4+3CI2-CHCI3 +3HC1. .    . 

93,630 

is  900+      0—68,500  +88,000 

CH4+4C12-CC14     +4HC1 

>68, 500+88, 000—  IS,  900=  137, 600..           l3V',aJU 

If  it  be  assumed  that  the  reaction  takes  place  in  a  thermally  in- 
sulated vessel,  goes  to  completion  with  no  decomposition  of  the 
chlorinated  compound,  and  that  the  heats  of  reaction  and  the  specific 
heats  do  not  change  with  the  temperature,  the  temperature  to  which 
the  reaction  vessel  would  be  raised  by  the  quantity  of  heat  evolved  by 
the  reaction  can  be  calculated.  Also,  the  assumption  must  be  made 
that  the  reaction  proceeds  under  equilibrium  conditions.  Then  the 
heat  capacity  of  the  catalyzer  and  that  of  the  reaction  vessel  can  be 
disregarded,  and,  as  the  vaporized  products  of  the  reaction  are  leaving 
the  catalyzer  at  the  same  temperature  as  the  catalyzer  itself,  the  heat 
capacity  of  the  reaction  products  can  also  be  disregarded.  Dividing 
the  heat  of  reaction  by  the  sum  of  the  heat  capacities  of  the  reacting 
gases  gives  the  temperature  to  which  the  thermally  insulated  reac- 
tion system  would  be  raised,  under  the  limits  imposed  by  the  above 
hypothesis,  by*  the  reaction  of  1  gram-molecule  of  CH4  and  n  gram- 
molecules  of  Cl2  to  form  1  gram-molecule  of  the  corresponding  chlori- 
nated product.     These  values  are  given  in  the  following  table: 

Reaction  temperatures  hypothetically  possible. 

Maximum  possible  hypothetical 
Reaction.  temperature,  °C. 

CH4+C12  =CH3C1  +HC1 1,820 

CH4+2Cl2=CH2C]2-r-2HCl 2.  290 

CH4-r-3Cl2=CHCl3  +3HC1 2,760 

CH4-HC12=CC14      +4HC1 3,270 

Note. — The  heats  of  formation  of  methane  chlorides  as  found  in  the  literature  from 
various  authors  differ  greatly.     The  results  given  in  the  above  table  are  merely  illus- 
trations, and  it  is  not  claimed  that  any  such  temperatures  would  be  actually  attained. 
11687°— 21 3 
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The  thermal  conductivity  of  the  catalyzers  used  is  so  small  that 
unless  great  uniformity  is  obtained,  local  overheating  (''hot  spots") 
will  occur,  causing  the  reaction  to  proceed  with  explosive  violence. 

As  a  matter  of  fact,  the  decrease  in  heat  of  formation  of  the  methane 
chlorides — except  CH3C1  and  CH2C12 — with  increasing  temperature, 
and  the  loss  of  heat  from  radiation,  convection,  and  conduction  seem 
to  compensate  somewhat  the  increased  temperature  due  to  the 
evolved  heat  of  formation  (including  the  increased  heat  of  formation 
of  HC1  with  increased  temperature)  when  using  the  apparatus  de- 
scribed in  this  report  and  the  low  rates  of  flow  of  natural  gas  and 
chlorine  used.  Thus  a  temperature  is  attained  at  which  the  reaction 
proceeds  smoothly  without  the  occurrence  of  the  final  undesirable 
reaction,  CH4  +  2C12==C  +  4HC1,  and  this  favorable  temperature  is 
maintained  by  the  continuous  introduction  of  a  small  amount  of  heat. 

EXPERIMENTS. 

NATURAL    GAS    USED. 

The  natural  gas  used  in  the  experiments  was  taken  from  the  mains 
at  the  Bureau  of  Mines  laboratories,  Pittsburgh,  Pa.,  and  was  supplied 
by  the  Peoples  Gas  Co.  This  natural  gas,  on  account  of  having 
ethane  present  and  traces  of  higher  paraffin  hydrocarbons,  was  not 
so  desirable  as  a  pure  methane  gas,  but  because  of  its  accessibility  and 
the  ease  of  application  was  used  in  the  tests. 

The  average  analysis  by  combustion  of  the  gas  during  the  time  in 
which  these  experiments  were  made  was  as  follows:  Methane,  89.5 
per  cent;  ethane,  10.1  per  cent;  and  nitrogen,  0.4  per  cent.  For 
computing  the  theoretical  yield  the  gas  was  assumed  to  contain  90 
per  cent  methane  and  10  per  cent  ethane. 

CHLORINE. 

The  chlorine  used  was  supplied  by  the  Electro  Bleaching  Co.  of 
New  York,  in  containers  of  100  pounds  each. 

APPARATUS. 

Figure  1  shows  the  general  plan  of  the  apparatus  for  testing  the 
effect  of  varying  temperature  and  humidity  on  the  reaction. 

The  rates  of  flow  of  the  natural  gas  and  chlorine  were  regulated 
by  flow  meters.  The  flow  meters,  which  were  of  very  small  capacity, 
were  calibrated  against  the  gases  used  by  passing  a  given  volume  of 
the  gas  from  a  burette  through  the  flow  meter;  this  volume  was  sucli 
that  by  keeping  the  two  columns  of  liquid  in  the  U-tube  at  a  certain 
height,  a  certain  length  of  time  was  required  to  empty  the  burette. 
From  these  data  the  rate  can  be  determined.  After  several  points 
had  been  calibrated  a  scale  was  made  for  reading  the  rate  directly. 
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The  reaction  tube  shown  in  figure  1  contained  100  grams  of  cata- 
lyzer protected  on  either  end  by  glass  wool.  An  electric  furnace 
surrounded  the  tube ;  the  temperature  was  read  on  a  millivolt  meter 
in  conjunction  with  the  thermocouple  shown  in  the  drawing.     The 
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hot  gases  after  leaving  the  reaction  chamber  passed  through  a  triple- 
walled  condenser  for  cooling,  then  through  a  trap,  sodium  hydroxide 
scrubber,  and  two  ice  baths  as  shown.  Most  of  the  solid  hexa- 
chlorethane  separated  out  in  the  cooler,  and  the  carbon  tetra- 
chloride, being  heavier  than  water  or  sodium  hydroxide  solution, 
settled  to  the  bottom  of  the  scrubber  and   ice    baths.     The   chief 
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object  of  using  the  sodium 
hydroxide  solution  was  to  re- 
move the  hydrochloric  acid 
formed  during  the  reaction. 
In  all  the  tests  made  with  this 
apparatus  the  gas  rate  was 
one  liter  per  hour.  For  higher 
rates  the  apparatus  shown  in 
figure  2  was  used. 

After  each  run  the  distillates 
were  collected  from  the  scrub- 
bers and  ice  baths,  separated 
in  a  separatory  funnel,  and 
measured.  Then  the  distillates 
were  treated  with  a  small  piece 
of  stick  sodium  hydroxide  to 
remove  the  dissolved  chlorine, 
and  calcium  chloride  was  added 
to  remove  the  water.  The 
distillations  were  carried  out 
in  a  50-c.  c.  distillation  flask  at 
a  rate  of  2  drops  per  sec- 
ond. 

In  all  the  tests  shown  in  Table 
3,  only  a  few  drops  came  over 
at  temperatures  below  70°  C, 
indicating  that  very  little,  if 
any,  chloroform  was  present. 

The  hexachlorethane  pro- 
duced was  very  soluble  in  the 
carbon  tetrachloride ;  that  which 
crystallized  out  in  the  cooler  was 
added  each  time  to  the  product 
from  the  scrubber  and  the  two 
distilled  together.  The  distil- 
late obtained  at  temperatures 
above  80°  C.  consisted  of  a 
mixture  of  hexachlorethane  and 
perhaps  other  chlorine  products. 
These  could  be  separated  by 
fractional  distillation.  The 
process  is  long  and  tedious  and 
takes  several  distillations  and 
subsequent  coolings  hi  an  ice 
bath  to  freeze  out  the  carbon 
hexachloride. 
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No  chlorine  compounds  other  than  carbon  tetrachloride  and  hex- 
achlorethane  have  been  identified  from  the  products  made  by  using 
four  or  more  volumes  of  chlorine  to  one  of  natural  gas  when  the  rate 
of  flow  of  the  natural  gas  was  1  liter  per  hour. 

The  gravities  were  determined  with  a  specially  designed  plummet 
of  small  size  that  could  be  used  on  a  Westphal  balance,  and  deter- 
minations on  as  low  as  4  c.  c.  of  product  were  easily  made.  Table  3 
shows  the  results  in  tabulated  form. 

When  all  the  products  boiling  between  65°  and  80°  C.  from  the 
eight  tests  in  Table  3  were  put  together  and  distilled,  less  than  1  c.  c. 
distilled  below  65°  C,  indicating  that  only  a  negligible  proportion  of 
chloroform  was  present.  The  percentage  efficiency  of  each  run  was 
obtained  by  multiplying  the  volume  of  gas  used  by  the  value  4.01 
(each  liter  of  gas  should  yield  4.01  c.  c.  of  CC14  and  C2C16)  to  get  the 
theoretical  yield  that  would  be  obtained  if  all  the  gas  were  chlorinated 
to  carbon  tetrachloride  and  hexachlorethane,  then  dividing  the 
number  of  c.  c.  of  products  recovered  by  the  theoretical  yield.  This 
gave  the  efficiency  on  the  basis  of  the  amount  of  gas  used. 

CALCULATION    OF   YIELD. 

Yields  were  calculated  from  the  volume  of  natural  gas  used,  the 
assumption  being  made  that  a  liter  of  methane  weighs  0.65  gram  and 
a  liter  of  ethane  1.22  grams  when  measured  at  25°  C.  and  750  mm. 
pressure,  the  average  condition  under  which  the  natural  gas  was 
measured.  One  liter  of  natural  gas  (90  per  cent  CH4  and  10  per  cent 
C2H6)  completely  chlorinated  should  produce  4.01  c.  c.  of  liquid 
chlorination  products,  CC14  and  C2C16. 

DISCUSSION    OF   TABLE    3. 

The  reaction  between  chlorine  and  natural  gas  began  at  a  tempera- 
ture slightly  lower  than  250°  C,  and  at  this  lower  temperature  the 
chlorine  reacted  with  the  ethane  in  preference  to  the  methane. 
This  was  shown  by  solid  hexachlorethane  crystallizing  out  before 
any  carbon  tetrachloride  or  chloroform  appeared.  The  chlorina- 
tion was  only  partial  and  considerable  chlorine  passed  through  the 
reaction  chamber  without  combining  with  the  methane.  At  tem- 
peratures of  300°  C.  and  higher,  the  maximum  amount  of  chlorine 
was  used  and  the  reaction  took  place  smoothly  without  deposition 
of  carbon. 

At  about  400°  C,  the  most  suitable  temperature  found,  the  products 
recovered  were  very  nearly  100  per  cent  of  the  theoretical  yield, 
and  only  a  small  amount  of  gas  passed  out  of  the  system. 
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When  the  gases  were  saturated  with  water  vapor,  larger  quantities 
of  chlorine  could  be  added  without  free  chlorine  appearing  in  the 
scrubbers,  indicating  that  the  chlorine  reacts  with  the  water  vapor 
at  these  temperatures  to  form  hydrochloric  acid. 

In  all  the  tests  large  amounts  of  a  white  crystalline  solid  formed  on 
the  walls  of  the  cooler,  and  on  analysis  proved  to  be  hexachlor- 
ethane.  On  account  of  the  small  rates  of  flow  used  in  these  tests, 
the  number  of  c.  c.  of  the  product  obtained  from  each  test  was  small; 
therefore  apparatus  was  designed  as  shown  in  figure  2  for  handling 
larger  quantities  of  gas.  The  distillates,  after  being  treated  with 
stick  sodium  hydroxide  and  calcium  chloride  and  distilled,  were 
water  white  and  free  from  carbon.  The  gravities  and  distillation 
temperatures  indicate  that  the  lower  fraction  was  chiefly  carbon 
tetrachloride,  and  that  the  higher  fraction  was  a  mixture  of  carbon 
tetrachloride,  hexachlorethane.  and  other  chlorinated  products. 

APPARATUS  FOR  LARGER  RATES  OF  GAS  FLOW. 

Certain  modifications  of  the  apparatus  were  necessary  in  order  to 
handle  larger  quantities  of  gas.  The  scrubbers  were  designed  to 
work  with  low  pressure  and  to  be  convenient  for  removal  of  the 
chlorinated  products  and  hydrochloric  acid  formed. 

Figure  2  (p.  20)  shows  the  modified  form  including  the  scrubbers, 
drying  tube,  ice  baths,  and  sampling  device  for  testing  the  residual 
gas  for  methyl  chloride. 

The  rates  of  gas  flow  were  determined  with  flow  meters  as  in  the 
previous  work.  The  natural  gas  and  the  chlorine  were  introduced 
into  the  reaction  tube  through  a  mixer  made  like  an  injector.  The 
reaction  tube  is  shown  in  figure  2,  also  the  electric  furnace  surrounding 
it.  After  many  tubes  of  different  lengths  and  diameters  had  been 
tried,  the  one  most  suitable  for  chlorinating  amounts  varying  up  to 
10  liters  of  gas  per  hour  was  found  to  be  as  follows:  The  tube  was  of 
"pyrex"  glass,  and  was  16  inches  (41  c.  m.)  long  and  li  inches  (3.8 
c.  m.)  in  diameter,  being  drawn  down  at  one  end  for  connecting  with 
the  scrubber.  The  tube  protruded  out  of  the  furnace  about  6  inches; 
this  end  was  covered  with  asbestos  paper  to  exclude  the  light.  By 
having  the  gases  mix  in  the  cool  part  of  the  tube  in  the  presence  of 
the  catalyzer,  no  explosions  were  produced  on  their  entering  the 
heated  section.  To  fill  the  tube,  glass  wool  was  placed  in  either  end 
with  200  grams  of  the  catalyzer  between.  The  large  end  was  then 
closed  with  a  two-holed  rubber  stopper;  through  one  of  these  holes 
the  thermocouple  well  passed,  and  through  the  other  the  tube  lead- 
ing from  the  mixer. 

The  furnace  was  made  by  winding  40  feet  of  No.  22  nichrome  wire 
in  the  form  of  a  helix,  on  an  asbestos  mandrill,  covering  the  wrapped 
wire  with  a  mixture  of   calcined   MgO    and   sodium  silicate,   then 
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covering  this  with  several  layers  of  asbestos  paper.  After  drying, 
the  furnace  is  ready  for  use. 

A  thermocouple  indicated  the  temperature  in  the  reaction  tube 
at  all  times.  It  was  found  that  the  temperature  was  somewhat 
higher  at  the  point  where  the  gases  entered  the  heated  part  of  the 
reaction  tube,  on  account  of  the  heat  of  reaction.  After  the  reaction 
had  commenced  very  little  heat  was  necessary  to  maintain  the 
desired  temperature,  the  higher  the  rate  of  gas  flow  the  less  heat  was 
necessary.  At  larger  rates,  after  the  reaction  is  started,  it  would  be 
necessary  to  cool  the  reaction  chamber. 

The  hot  gases  on  leaving  the  reaction  chamber  were  passed  through 
low-pressure  scrubbers  of  a  special  design,  shown  in  figure  3.  These 
scrubbers    containing   water,    cool    and   heated    gases,    remove   the 


FlG.  3. — Low-pressure  scrubber,    a,  Test  paper;  6,  Scrubber. 

hydrochloric  acid  formed  during  the  reaction;  the  carbon  tetra- 
chloride, hexachlorethane,  and  chloroform,  which  are  heavier  than 
water,  sink  to  the  bottom  and  can  be  drawn  off  through  the  stop- 
cock. One  scrubber  was  found  sufficient  to  remove  completely 
the  hydrochloric  acid,  but  a  second  was  used  to  aid  in  condensing 
the  products.  Starch  KI  test  papers  were  hung  at  the  entrance  of 
each  scrubber  to  indicate  the  presence  of  chlorine.  The  unchlorin- 
ated  natural  gas  and  other  gases  after  leaving  the  scrubbers  pass 
through  a  trap  inclosed  in  an  ice-salt  bath  at  a  temperature  of  about 
— 15°  C.  Here  most  of  the  water  vapor  is  frozen  out  and  the  di- 
chlormethane,  and  other  chlorides,  condensed.  The  gas  next 
passed  through  a  drying  tower  containing  soda-lime  and  calcium 
chloride,  thence  through  a  three-way  stopcock  and  on  out  of  the 
apparatus  through  a  water  seal.  By  means  of  the  three-way  stop- 
cock, samples  of  the  residual  gas  were  taken  as  desired  for  the  deter- 
mination of  methyl  chloride. 
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CATALYZERS. 

The  war-gas  canister  charcoal  was  obtained  from  the  American 
University  experiment  station  and  is  the  same  as  that  used  for  filling 
canisters  of  gas  masks.  This  is  an  activated  cocoanut  charcoal  and 
far  superior  to  other  charcoals  tried. 

Batchite8  is  a  carbon  material  "made  from  anthracite"  by  the 
National  Carbon  Co.     Batchite  has  also  been  used  for  gas  masks. 

The  steam-treated  anthracite  was  made  by  reducing  a  commercial 
anthracite  to  4  to  10  mesh  size.  The  coal  thus  prepared  was  next 
placed  in  an  iron  retort,  kept  at  a  temperature  of  approximately 
700°  F.  and  steamed  for  70  hours.  Coal  treated  in  this  manner  has 
the  property  of  absorbing  gases  to  a  high  degree,  although  the  out- 
ward physical  appearance  shows  no  change. 

The  coke  used  in  test  21,  Table  4,  was  a  commercial  grade  of 
metallurgical  coke  crushed  to  4  to  10  mesh  size. 

Catalyzer  R12  (nickel  and  coke)  was  made  by  dissolving  25  grams 
Ni(N03)2  in  500  grams  of  water  and  adding  250  grams  of  4  to  10 
mesh  coke.  After  standing  15  minutes  the  mixture  was  drained 
through  a  Buechner  funnel,  then  the  residue  was  returned  to  the 
original  vessel  and  treated  with  500  c.  c.  of  10  per  cent  NaOH  solution. 
This  mixture  was  permitted  to  stand  another  30  minutes,  drained, 
and  the  residue  dried  over  a  hot  plate  at  150°  C. 

Catalyzers  R7  (25  grams  ZnCLJ,  R9  (25  grams  CdCl,),  R3  (25 
grams  BaCl2),  R13  (25  grams  SnCLJ,  and  R10  (25  grams  FeCl3) 
were  made  in  the  same  manner  as  catalyzer  R12. 

In  preparing  catalyzer  R22,  10  grams  of  H2PtCla  were  precipitated 
on  500  grams  of  coke  with  sodium  formate. 

Catalyzer  R33  was  made  as  follows:  10  grams  of  Cu2Cl2  and  enough 
water  to  dissolve  it  were  added  to  125  grams  of  coke;  the  mixture 
was  then  heated  for  some  time  and  dried  over  a  hot  plate  at  150°  C. 

DISCUSSION    OF   TABLE    4. 

In  Table  4  only  those  catalyzers  are  shown  that  gave  the  best 
results.  Many  additional  catalyzers  were  tested  but  the  yields  were 
poor,  and  therefore  are  not  tabulated.  Such  substances  as  silica 
gels,  porcelains,  asbestos,  glass  wool,  and  pumice  were  very  poor 
catalyzers. 

The  temperatures  given  are  the  average  for  the  whole  test.  Read- 
ings were  taken  every  half-hour  and  averaged.  In  some  tests,  espe- 
cially with  the  poorer  grades  of  charcoals  and  some  of  the  cokes, 
reduction  of  the  temperature  at  times  was  necessary  to  prevent 
explosions. 

6Lamb,  A.  B.,  Wilson,  R.  E.,  and  Chaney,  N.  K.,  Gas-mask  absorbents:  Jour.  Ind.  and  Eng.  Chem., 
vol.  11,  1919,  p*  421. 
Chaney,  N.  K.,  The  activation  of  carbon:  Proc.  Am.  Electrochem.  Soc.,  Xo.  13,  1919. 
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Readings  were  taken  every  half-hour  of  the  rates  of  flow  of  the 
natural  gas  and  the  chlorine,  and  the  results  averaged  for  the  whole 
test.  These  values  changed  from  hour  to  hour;  at  certain  times  a 
small  amount  of  chlorine  passed  through  the  reaction  chamber, 
which  necessitated  reducing  the  rate,  although  the  same  ratio  was 
maintained. 

At  the  end  of  each  test  the  products  were  separated  from  the 
HC1  by  means  of  a  separatory  funnel,  then  allowed  to  stand  over- 
night in  contact  with  a  small  piece  of  stick  XaOH  and  some  CaCl2 
to  remove  moisture,  chlorine,  and  HC1. 

The  distillations  were  performed  as  in  the  previous  work  at  a  rate 
of  two  drops  per  minute.  The  distillate  was  divided  into  three  frac- 
tions—the first  cut,  to  70°  C,  the  next,  70°  to  85°  C,  and  the  last, 
above  85°  C.  This  should  roughly  separate  the  greater  part  of  the 
chloroform  into  the  first  cut,  the  most  of  the  carbon  tetrachloride 
into  the  second;  the  last  would  contain  some  carbon  tetrachloride 
and  a  larger  part  of  highly  chlorinated  products  of  ethane,  etc.  The 
gravities  are  given  at  20°  C,  as  compared  with  water  at  that  tem- 
perature. 

Inspection  of  the  results  shows  that  with  several  of  the  catalyzers 
the  recovery  of  products  was  nearly  100  per  cent  of  that  theoretically 
possible,  assuming  that  the  only  products  are  carbon  tetrachloride 
and  hexachlorethane. 

This  assumption  is  not  strictly  correct,  because  of  other  chlorinated 
hydrocarbons  being  present,  and  is  complicated  by  the  possibility 
of  having  the  many  different  chlorinated  compounds  from  ethane 
present.  The  results  are  of  value,  however,  for  comparing  the  rela- 
tive efficiency  of  the  different  catalyzers,  which  is  the  object  of  this 
report. 

The  table  also  shows  that  those  catalyzers  which  are  capable  of 
absorbing  large  quantities  of  chlorine,  as  the  gas-mask  charcoals, 
give  a  relatively  small  amount  of  the  chloroform  fraction  and  large 
amounts  of  the  carbon  tetrachloride  fraction.  This  is  what  should 
be  expected  from  the  previous  table. 

On  the  other  hand,  the  cokes  impregnated  with  the  different 
metals  gave  relatively  large  amounts  of  the  chloroform  fraction. 

Some  of  the  tests  were  run  intermittently  several  days  for  com- 
parison with  shorter  runs  with  the  same  catalyzer  to  determine  the 
life  or  poisoning  effect  on  the  catalyzer.  In  all  these  tests  the  last 
day  gave  approximately  as  high  yields  as  the  previous  days. 

Some  of  the  cokes  gave  very  high  yields,  but  the  reacting  gases 
had  a  tendency  to  explode  unless  the  temperature  was  kept  down 
to  400°  C.  The  nickel,  zinc,  platinum,  and  iron  impregnated  mate- 
rials proved  excellent  catalyzers  for  the  production  of  chloroform, 
and  no  trouble  was  experienced  from  explosions  at  the  rates  of  flow 
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given  in  this  table.  At  higher  rates,  trouble  from  this  source  might 
develop. 

When  the  barium-coke  catalyzer  was  tried,  explosions  were  fre- 
quent and  much  trouble  was  experienced  in  trying  to  prevent  them. 

Figure  4  shows  the  relative  efficiency  of  the  different  catalyzers 
for  producing  chloroform.  The  percentage  efficiency  as  regards  total 
chlorinated  products  for  each  catalyzer  is  given  (curve  h)  on  the 
same  graph  for  reference.  At  the  head  of  the  list  is  the  platinized 
coke  with  a  yield  of  50  per  cent  chloroform.  This  percentage  indi- 
cates the  possibility  of  converting  by  actual  test  50  per  cent  of  the 
natural  gas  (90  per  cent  methane,  10  per  cent  ethane)  into  chloro- 
form in  addition  to  34  per  cent  of  other  chlorinated  products.    With 
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Figure  4. — Curves  showing  percentages  of  chloroform  fraction  obtained  when  using  different  catalyzers. 
Curve  a,  chloroform  fraction,  percentage  of  theoretical  yield;  curve  6,  total  chlorinated  products,  per- 
centage of  theoretical  yield. 

the  coke-nickel  catalyzer,  49  per  cent  of  the  gas  was  converted  into 
chloroform,  and,  in  addition,  46  per  cent  of  other  chlorinated  prod- 
ucts was  obtained.  Likewise,  the  values  for  the  other  catalyzers 
can  be  read  from  the  curves.  The  catalyzers  most  suitable  for  chlo- 
roform are  the  cokes  impregnated  with  the  metals  platinum,  nickel, 
zinc,  cadmium,  iron,  and  tin,  while  the  activated  charcoals  and  the 
batchite,  although  producing  a  high  efficiency  for  total  chlorinated 
products,  gave  a  low  yield  of  chloroform. 

From  a  commercial  standpoint,  chloroform  is  the  most  valuable 
product,  although  there  is  a  large  demand  for  the  cheaper  carbon 
tetrachloride. 
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Figure  5  shows  the  relative  efficiency  of  the  different  catalyzers 
for  carbon  tetrachloride.  The  percentage  efficiency  as  regards  total 
chlorinated  products  for  each  catalyzer  is  also  given  (curve  b)  for 
comparison. 

The  gas-mask  charcoals,  steamed  coal,  and  batchite  show  the 
highest  percentage  of  efficiency.  As  regards  the  highest  test  obtained 
with  gas-mask  charcoal,  the  curve  shows  that  it  is  possible  to  convert 
80  per  cent  of  the  natural  gas  (methane,  90  per  cent,  ethane,  10  per 
cent)  into  carbon  tetrachloride,  and  in  addition  produce  18  per  cent 
of  other  chlorinated  products.  Similarly,  the  percentages  obtained 
in  the  other  tests  can  be  read  from  the  curve. 
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Figure  5.— Curves  showing  percentages  of  carbon  tetrachloride  fraction  obtained  when  using  different 
catalyzers.  Curve  a,  carbon  tetrachloride  fraction,  percentage  of  theoretical  yield;  curve  6,  total  chlorin- 
ated products,  percentage  of  theoretical  yield. 

The  tables  and  curves  show  that  a  catalyzer  which  is  capable  of 
absorbing  large  volumes  of  chlorine,  such  as  gas-mask  charcoals, 
batchite,  and  steamed  coal  tend  to  give  the  maximum  chlorinated 
products,  whereas  the  cokes  treated  with  metals  tend  to  give  the  in- 
termediate chlorine  products. 

METHYL  CHLORIDE  BY  THE  CHLORINATION  OF  NATURAL  GAS. 

Many  tests  were  made  with  different  catalyzers,  especially  cokes 
impregnated  with  metals,  to  determine  the  relative  effects  of  different 
catalyzers  in  the  production  of  methyl  chloride. 

Those  catalyzers  favoring  the  production  of  carbon  tetrachloride 
obviously  would  not  be  expected  to  give  large  values  when  used 
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for  the  production  of  methyl  chloride,  therefore,  more  attention  was 
paid  to  the  effect  of  different  metals  and  metal  salts  used  as  cata- 
lyzers. The  most  favorable  material  for  depositing  the  metals 
would  be  that  having  a  rather  large  surface  area  per  unit  of  volume, 
and  at  the  same  time  be  inert  as  possible  as  a  catalytic  agent.  Coke 
answered  the  requirements  very  well  and  was  used  in  the  larger  part 
of  the  work  given  in  the  tests  indicated  in  this  report. 

The  apparatus  used  was  the  same  as  that  for  the  previous  work, 
but  the  method  of  procedure  was  changed  somewhat  to  meet  the 
necessary  conditions.  The  gases  were  first  passed  through  the 
apparatus  for  a  given  time  at  the  ratio  of  two  parts  of  natural  gas 
to  one  of  chlorine.  Samples  of  the  gas  were  taken  at  the  sampling 
device  shown  in  figure  2  over  a  half-hour  period,  and  were  analyzed 
for  methyl  chloride  as  explained  on  a  subsequent  page  (p.  37). 
Thus  each  sample  represents  the  average  composition  of  the  gas 
over  that  period.  As  a  rule  the  ratio  of  chlorine  to  natural  gas  was 
kept  constant  for  1J  to  2  hours,  then  the  proportion  of  chlorine  to 
natural  gas  was  increased  as  shown  in  the  tests. 

At  the  end  of  each  test,  data  were  obtained  showing  the  percentage 
of  methyl  chloride  produced,  covering  the  ratios  from  one  part 
chlorine  to  two  of  natural  gas,  to  one  part  of  natural  gas  to  two  of 
chlorine.  When  two  parts  of  chlorine  were  used,  the  higher  chlorin- 
ated products  began  to  condense,  and  higher  rates  of  chlorine  in 
proportion  to  natural  gas  would  be  undesirable  for  the  production  of 
methyl  chloride. 

Under  residue  B,  Table  5,  is  given  the  number  of  c.  c.  of  product 
that  condensed  out  in  the  scrubbers,  and  under  residue  A  that  which 
separated  out  in  the  ice  bath.  These  were  saved  and  fractionated 
for  the  purpose  of  attempting  to  determine  what  chlorinated  products 
were  formed  in  addition  to  methyl  chloride. 

The  volume  and  specific  gravity  of  the  hydrochloric  acid  formed 
in  each  test  is  also  given,  from  which  the  amount  of  chlorine  used 
can  be  computed  as  a  check  on  the  flow-meter  readings. 

The  results  from  each  of  the  preceding  tests  were  averaged  for 
each  particular  ratio  of  chlorine  to  natural  gas,  and  are  shown  in 
condensed  form  in  Table  5. 


CHEMISTRY   OF   THE   PROCESS. 


31 


O*  o> 


*  £ 

^  o 


'S   a 
^  5 


S 

2 


— 


IS- 


5  «3 


f3  «  - 

.9  °  5 
2 -.a 


is 


2a- 


4e 
I§5 


.92  5 

-I* 


o  Hll 


eg  m 


03  >> 


& 


tooooom©©©-"*© 

'^  O  N  £  C  C.  O  O  f-  N  c: 
©COCOd-i'-i©©  — 


lO  O  'I'M"  M  O  ^  ifl  -■  W  X 

r^oor^aoo:t~o^r~r^© 

C<)«<NC^C<IC*r3e^C<<NCO 


0a>©©©d©'-0  r^c- 


■-  1-5  -. 


|©0©<NOOO©©©© 


Oa^N  CI  —  i"  s  ~  'i  -z  s  ~  rt  ~  ~i  -jz  t~-  -r  >o  C)  ^. 

—  ~    —  -  -   /t-t-C'-'I't'Cr '1*  t^X  ChOHC 

—  Soo©©c:c:  —  s©-"©©©  —  ©'-'©**-*-* 


ion«ioicon'Ol';cxoc"cc'*'*C'c:i>" 
i"  t~  i-  ~.  ~~  ~s  r-  r~  r^.  r-  r-  -.r  ~.  x  t~  ^-  '■"  —  —  —  '"  rj 


.ior^r>.iooce<iwia>a>a>ooooo      us  t*  c«     t~  o  •*  »o  ©  ©  r~         co  io  ©  cc 


.^*     o)coiooi>oo)C1u:qo  co     *<f  »o  co  cm  os  co  *o     uscocsco 


i-i^QOOi^00105N050'-'Wt,»tON»OHNMlNON'WNNOOMO«Nt 


|iC»OC:®N'^'^|ONO^'-'0»0'ri'^,t'0: 


WWWW«MNWWNNNNMCCCCNNC>1WN(NC5WWWWCSNNINW 


«?. 


cuot^a^^'juinxc 


tig- 


©©©©iO©*OiO©tO©»0©iOiO©C 

•  to  c  o  o  o  o  cj  r-  — 


.      3  OO  I 
_.    _'©©»0O©©©^©; 


JlOiOO'O'O'OC 


;0  ©  O  ©©©< 


>i0»0©0©' 


U3tf3iO»0       »0»0       lOt^^cNt*  "3  »C  »0  to  "31 


tift 


^!OHN^*CNiOOf«t001HMOO)>flH^iOOiONMM«iNnOfflC10MCX 


.oiootooc>o«)ootociou500ioioooii:oco^cocc^'2looSS 
c    nooicoociOHHinHxcoc""ccoo-r.cc«CHOOHHO(» 


©£ 

si 


59 
<5  » 


B.I 


&£& 


si 


iC  tft  *o  *o  »o      iO  ic  »o 


^<deo^co<£5^o6«^eoQGci/5^o$Ti<e^o6c^«o^^^^oicoasQc 

V.H(-,rtHrtrtrHNHC5HrtHHNMHrtJHHHHHH»-<HHHNNHH 


OiCOi«iCO^OOOCiOtOiOiCOO( 


jioo^oicooooooi 


■  "*  o  ci  o  x  c~-  cr  HHHioocioooHOOt 


)oa>ooioiOHrtoit»oi 


;8§8? 


.*  if}  *o  *o      too 


iO       U}       *0 


a  a 


0*OOOOiO»COOOOiO'OL'5  0 

>:«-iooa)a)NNCit>'Xdiocjaicix 


IC 


O 


r1«5 


jN»C>0»OIO  r^iO*0»0       iO*OW>  IQO       *0  »0  iO  *0  "3  *C  *C  »0  iO  O  "5  »0  *0  *C  r- 


+ 
i  ®  o  «j  c  ®  d  ®  g^  »  d  ®5  2  8 


++ +++++++++++++++++++ +++++++§ 


±+S-g; 


[S3 


32  CHLORINATION   OF    NATURAL   GAS. 

Table  6. — Catalyzers  used  in  Tabled  and  methods  of  preparation. 


Catalyzer 
No. 


Catalyzer  name. 


Method  of  preparation. 


Rl. 


Coke+Ca. 


R2.. 
R3.. 
R4.. 
R5.. 
R6.. 
R7.. 
R8.. 
R9.. 
RIO. 
Rll. 
R12. 
R13. 
R14. 

R15. 
R16. 
R17. 
R18. 

R19. 
R20. 
R21. 

R22. 
R23. 
R24. 
R25. 

R26. 
R27. 

R28. 

R29. 
R30. 
R31. 
R32. 
R33. 
R34. 
R35. 


Coke+Sr 

Coke+Ba 

Coke+Mg 

Coke+Al... 

Coke+Mn 

Coke+Zn 

Coke+Cr 

Glass  wool+Cr 

Coke+Cd 

Coke+Fe 

Coke+Co 

Coke+Ni 

Coke+redueed  Ni. 

Coke+Sn 

Coke+Pb 

Coke+Cu 

Coke+Cu 

Coke+As 

Coke+Bi 

Coke+Sb 

Coke+Hg 

Coke+Ag 

Coke+Pd 

Pumice+Pd 

Coke+Pt 

Pumice+Pt 

Coke+Au 

Siloeel  brick 

Coke+Ti 

Coke+U 

Steamed  coal 

Asbestos 

Gas  mask  charcoal 
Batchite 


250  grams  of  crushed  coke  (4  to  10  mesh)  was  boiled  in  a  5  per  cent 

solution  of  CaCl2  for  15  minutes.    The  liquid  was  then  drained  ol! 

in  a  Beuchner  funnel.    The  coke  and  salt  retained  were  boiled  foi 

15  minutes  with  a  5  per  cent  solution  of  NaOH  and  then  drained 

under  suction  in  a  Beuchner  funnel.    The  prepared  coke  was  then 

removed  to  a  hot  plate  and  dried  at  150°  C. 
5  percent  Sr(N03)2Solution  used,  otherwise  same  as  Rl. 
5  percent  BaCUsolution  used,  otherwise  same  as  Rl. 
5  per  cent  MgChsolutton  used,  otherwise  same  as  Rl. 
5  per  cent  A1C1  "solution  used,  otherwise  same  as  Rl. 
5  per  cent  MnCloSolution  used,  otherwise  same  as  Rl. 
5  percent  ZnChsolution  used,  otherwise  same  as  Rl. 
5  percent  CT2O3  solution  used,  otherwise  same  as  Rl. 
5  grams  of  Cr203  and  enough  glass  wool  to  fill  the  reaction  chamber. 
5  per  cent  CdCl2  solution,  otherwise  same  as  Rl. 
5  per  cent  FeCl3  solution,  otherwise  same  as  Rl. 
5  percent  Co(N03)2  solution,  otherwise  same  as  Rl. 
5  percent  Ni(N03)2  solution,  otherwise  same  as  Rl. 
300  grams  of  coke  (4  to  10  mesh)  was  added  to  40  grams  Ni(N03)2, 

dissolved  in  800  c.  c.  II2O,  boiled  15  minutes,  reduced  with  H2  al 

200°  C,  washed  and  dried  on  hot  plate. 
5  per  cent  SnCl2  solution,  otherwise  same  as  Rl. 
5  per  cent  PbCtHeCi  solution,  otherwise  same  as  Rl. 
5  per  cent  CuCU  solution,  otherwise  same  as  Rl. 
40  grams  C112CI2,  800  c.  c.  H20,  and  500  c.  c.  H20  boiled  together  15 

minutes.    Drained  on  Beuchner  funnel  under  suction  and  dried 

on  a  hot  plate  at  150°  C. 
5  per  cent  As03solution  precipitated  with  HC1,  otherwise  same  as  Rl. 
5  per  cent  Bi(N03)2  solution,  otherwise  same  as  Rl. 
5  per  cent  SbCl3  (tartaric  acid  used  in  dissolving)  solution,  otherwise 

same  as  Rl. 
5  per  cent  HgCl2  solution,  otherwise  same  as  Rl. 
5  per  cent  AgN03  solution,  otherwise  same  as  Rl. 
1  per  cent  PQCI2  solution,  otherwise  same  as  Rl. 
45c.  c.  of5percent  PdCh  solution  was  diluted  sufficiently  to  moisten 

330  grams  of  (4  to  10  mesh)  pumice,  and  dried  on  hot  plate  at  150°  C. 
5  per  cent  PtCl<  solution,  otherwise  same  as  Rl. 
45  c.  c.  of  5  per  cent  PtCU  solution  was  diluted  with  sufficient  H20  to 

moisten  330  grams  (4  to  10  mesh)  pumice,  and  dried  on  hot  plate  at 

150°  C. 
1  gram  of  a  mixture  of  NaCl  and  Cl3  (containing  about  22  per  cent  of 

metallic  Au)  was  dissolved  in  200  c.  c.  H2O,  then  the  same  procedure 

asRl. 
Siloeel  brick  crushed  to  4  to  10  mesh. 
5  per  cent  K2T1F4  solution,  otherwise  same  as  Rl. 
5  per  cent  U(S04)2  4H.20  solution,  otherwise  same  as  Rl. 
4  to  10  mesh  anthracite  treated  with  live  steam  at  700°  F  for  70  hours. 
Asbestos  washed  with  HC1.  s 

A  high-grade  cocoanut  charcoal  used  in  canisters  for  gas  masks. 
A  patented  product  made  by  the  National  Carbon  Co.  and  used  to 

some  extent  in  canisters  for  gas  masks. 


The  temperature  in  each  test  was  kept  as  near  400°  C.  as  possible. 
At  a  ratio  of  one  volume  of  chlorine  to  two  of  natural  gas,  the  lowest 
yield  obtained  was  4.7  per  cent  methyl  chloride,  using  siloeel  brick 
as  a  catalyzer,  and  the  highest,  15.3  per  cent,  using  platinum  on 
pumice.  Where  the  ratio  of  natural  gas  and  chlorine  was  one  to  one, 
the  catalyzer  giving  the  lowest  yield  is  gas-mask  charcoal,  which 
yielded  only  4.1  per  cent  methyl  chloride;  the  highest  value,  24.2 
per  cent,  was  obtained  from  the  tin-coke  catalyzer.  The  ratio  of 
three  parts  chlorine  to  two  of  natural  gas  gave  as  a  low  value  4.6 
per  cent,  using  gas-mask  charcoal  as  a  catalyzer,  and  29  per  cent  for 
the  highest  yield  when  tin  on  coke  was  used,  as  in  the  previous  test. 

At  the  ratio  of  two  volumes  of  chlorine  to  one  of  natural  gas,  the 
lowest  yield,  8.7  per  cent,  was  again  obtained  with  gas-mask  charcoal, 
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and  the  highest  yield,  31.2  per  cent,  was  obtained  with  lead  on  coke, 
being  slightly  higher  than  the  yield  with  tin  on  coke,  31.1  per  cent. 

The  values  given  in  Table  5  for  methyl  chloride  are  not  to  be 
interpreted  as  actual  percentages  of  methyl  chloride,  but  more  cor- 
rectly as  relative  percentages. 

As  the  natural  gas  used  contained  10  per  cent  ethane,  undoubtedly 
chlorides  of  ethane  were  formed,  also  dichlormethane  and  perhaps 
small  amounts  of  chloroform  and  carbon  tetrachloride. 

The  greater  part  of  these  constituents  should  have  been  condensed 
in  the  ice-salt  bath  before  reaching  the  point  where  the  sample  for 
methyl  chloride  was  taken.  As  explained  subsequently,  the  product 
of  the  glacial  acetic  method  not  only  includes  the  methyl  chloride, 
but  other  constituents  as  well.  Test  samples  were  taken  from  time 
to  time  and  fractionated  with  liquid  air  to  check  the  acetic  acid 
method,  but  in  no  test  was  the  variation  greater  than  1.5  per  cent. 

Higher  ratios  than  two  parts  of  chlorine  to  one  of  natural  gas  are 
undesirable  for  the  production  of  methyl  chloride,  because  the  heavier 
products,  chloroform  and  carbon  tetrachloride,  begin  to  condense 
when  these  higher  rates  are  used. 

The  curves  of  figures  6,  7,  8,  and  9  were  prepared  from  the  data  in 
Table  5.  The  curve  in  figure  6  gives  the  relative  efficiency  in  methyl 
chloride  production  when  the  rate  of  flow  is  one  volume  of  chlorine 
to  two  of  natural  gas.  Inspection  of  the  curve  shows  the  highest 
yields  were  obtained  from  the  palladium-pumice,  platinum-pumice, 
and  tin-coke  catalyzers. 

From  the  curve  of  figure  7,  the  highest  yields  at  a  rate  of  one 
volume  of  chlorine  to  one  of  gas  are  from  tin  on  coke  and  lead  on 
coke.  The  curve  in  figure  8  shows  the  results  from  the  rate  of  flow 
of  three  volumes  of  chlorine  to  two  of  natural  gas.  The  best  cata- 
lyzers with  this  rate  of  flow  were  the  tin  on  coke,  titanium  on  coke, 
and  reduced  nickel  on  coke. 

The  curve  in  figure  9  shows  the  results  from  the  rate  of  two  volumes 
of  chlorine  to  one  of  natural  gas.  With  this  rate  of  flow  the  highest 
yields  were  obtained  from  the  lead-coke  and  tin-coke  catalyzers. 

From  these  curves  the  highest  yields  are  produced  at  the  rate 
of  two  volumes  of  chlorine  to  one  of  natural  gas,  and  the  maximum 
percentage  of  methyl  chloride  obtainable  is  about  30  per  cent. 
Higher  ratios  of  chlorine  to  gas  were  tried,  but  the  yields  were  not 
appreciably  higher  than  with  the  ratio  of  2:1,  and  at  a  4:1  ratio  the 
percentage  formation  of  methyl  chloride  fell  below  28  per  cent. 

The  question  naturally  arises,  what  becomes  of  the  chlorine  not 
used  in  the  reaction  producing  methyl  chloride  ?  If  two  volumes  of 
natural  gas  and  one  volume  of  chlorine  combine,  from  the  reaction 
2CH4  +  C12  =  CH3C1  +  HC1  +  CH4,  there  should  be  50  per  cent  of  methyl 
chloride  in  the  residual  gas  after  removal  of  the  hydrochloric  acid, 
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whereas  in  the  tests  the  highest  yield  is  only  15  per  cent.  This  dis- 
crepancy may  be  explained  by  the  presence  of  ethane  in  the  natural 
gas.  As  was  found  in  the  previous  work,  ethane  is  chlorinated  easier 
than  the  methane,  hence  a  large  amount  of  the  chlorine  unaccounted 
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Figure  6.— Efficiency  of  different  catalyzers  in  methyl  chloride  production  with  chlorine-natural  gas 

ratio  of  1 : 2. 

for  combines  with  the  ethane  to  produce  different  products  as  mono- 
chloride,  dichloride,  trichloride,  and  tetrachloride  of  ethane. 

A  larger  part  of  these  products  should  have  been  condensed  in  the 
ice  baths.     As  each  of  them  has  an  appreciable  vapor  pressure  even 
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at  the  temperature  of  the  ice-salt  bath,  appreciable  amounts  of  them 
would  be  carried  through  the  apparatus  and  lost.  Also  some  of  the 
chlorine  may  have  combined  with  the  water  vapor  present  in  the  gas 
to  form  hydrochloric  acid. 
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Figure  7.— Efficiency  of  different  catalyzers  in  methyl  chloride  production  with  chlorine-natural  gas 

ratio  of  1:1. 


ANALYSIS    OF   METHYL   CHLORIDE.' 

On  looking  through  the  literature  the  authors  were  unable  to  find 
any  methods  for  the  analysis  of  methyl  chloride  that  would  be  both 
simple  and   rapid.     As  simplicity  and    rapidity    are  two   desirable 

7  Allison,  V.  C,  and  lleighan,  M.  H.,  the  determination  of  methyl  chloride  in  gas  mixtures:  Jour.  Ind. 
and  Eng.  Chem.,  vol.  11,  Oct.  1, 1919,  p.  943. 
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features  in  this  work,  on  account  of  the  great  number  of  samples  to  be 
tested,  the  authors  worked  out  a  suitable  method.  Passing  the  gas 
over  red-hot  soda-lime  was  suggested,  but  this  method  is  long  and 
tedious;  it  requires  accurate  measurements  of  the  gas  and  compli- 


METHYL  CHLORIDE,  PER  CENT. 
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Figure  8.— Efficiency  of  different  catalyzers  in  methyl  chloride  production  with  chlorine-natural  gas 

ratio  of  3:  2. 

cated  apparatus.  Different  liquids  were  next  tried  in  which  methyl 
chloride  is  soluble.  The  authors  found  that  glacial  acetic  acid  re- 
moved 99.5  per  cent  of  the  methyl  chloride  from  a  sample  of  the  pure 
gas,  by  making  two  passes  into  an  absorption  pipette  containing  the 
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glacial  acetic  acid.  This  method  was  used  in  all  tests  recorded  in  this 
work.  Other  chlorides  are  soluble  in  the  glacial  acetic  acid,  also  nat- 
ural gas.  The  apparatus  used  was  simple  in  design,  consisting  of  an 
ordinary  Hempel  absorption  pipette  containing  the  glacial  acid,  and 
a  100-c.c.  burette. 

METHYL  CHLORIDE,  PER  CENT. 
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Figuee  9.— Efficiency  of  different  catalyzers  in  methyl  chloride  production  with  chlorine-natural  gas 

ratio  of  2:1. 

The  samples  of  gas  to  be  analyzed  were  taken  at  the  three-way  stop 
cock  shown  in  figure  2  (p.  20)  over  water.  The  sampling  bottle  shown 
was  first  filled  with  water  and  closed  by  two  screw  clamps  at  either  end, 
then  connected  to  the  three-way  cock.  The  cock  was  next  turned  to 
communicate  with  the  sample  bottle.  Then  the  screw  clamps  were 
opened,  and  the  water  permitted  to  run  out,  which  drew  into  the  bottle 
a  sample  of  the  gas  from  the  apparatus.     The  sample  bottle  was  then 
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connected  with  the  burette,  and  exactly  100  c.  c.  of  the  gas  taken. 
The  gas  was  passed  slowly  six  times  into  the  glacial  acetic  acid,  and 
the  volume  read.  This  procedure  was  used  for  every  test.  Six  addi- 
tional passes  caused  an  additional  contraction  of  about  0.5  c.  c, 
which  was  probably  due  to  the  absorption  of  other  chlorine  products. 
Fresh  glacial  acetic  acid  absorbs  about  2  per  cent  of  a  100  per  cent 
sample  of  natural  gas  when  passed  six  times  into  the  acid.  The 
glacial  acetic  acid  was  checked  from  time  to  time  against  pure  methyl 
chloride.  The  largest  error  by  this  method  is  due  to  the  solubility 
of  natural  gas.  Fresh  glacial  acetic  acid  was  saturated  with  natural 
gas  before  using.  All  samples  taken  for  analysis  were  saturated  with 
water  vapor,  and  part  of  this  was  taken  up  by  the  glacial  acetic  acid. 
To  check  the  results  by  the  acetic-acid  method,  duplicate  samples 
were  taken  at  intervals.  One  was  determined  by  absorption  in  glacial 
acetic  acid  and  the  other  fractionated  by  means  of  liquid  air.8 

Results  of  analyses  of  methyl  chloride  by  absorption  and  by  fractionation. 


Sample 
No. 

Recovery 
by  acetic- 
acid 
method. 

Recovery 
by  fraction- 
ation 
method. 

1 

Per  cent. 
9.7 
15.5 
20.0 
25.2 
26.0 
28.0 

Per  cent. 
8.7 
15.7 
21.3 
25.8 
27.6 
28.9 

2 

3 

4 

5 

6 

The  two  methods  check  close  enough  for  control  work,  giving  a  prob- 
able difference  of  3.9  per  cent. 


DISTILLATION    OF   RESIDUES. 


The  residues  from  the  scrubbers  and  ice  baths  were  collected  and 
measured  after  each  test.  At  the  end  of  all  the  tests  a  portion  of  the 
scrubber  products  was  distilled  and  cuts  taken.  A  specimen  sheet 
giving  the  distillation  results  obtained  is  shown  as  follows : 

Table  7. — Boiling  points  and  specific  gravities  of  distillation  products  in  scrubber. 


Boiling 
point. 

Amount 
obtained. 

Specific 
gravity  at 
15°C./15°C. 

Boiling 
point. 

Amount 
obtained. 

Specific 
gravity  at 
15°C./15°C. 

°C. 
50-60 
60-70 
70-80 
80-90 
90-100.... 

c.c. 

21.3 

20.0 

15.0 

9.3 

6.0 

1.377 
1.411 
1.435 
1.441 
1.428 

°C. 
100-120... 
120-140... 
140-160. . . 
160-170... 

c.  c. 

8.1 
15.0 
10.0 

6.8 

1.415 
1.411 
1.428 
1.453 

8  Burrell,  G.  A.,  Seibert,  F.  M.,  and  Robertson,  I.  W.,  Analysis  of  natural  gas  and  illuminating  gas  by 
fractional  distillation  in  a  vacuum  at  low  temperatures  and  pressures:  Tech.  paper  104,  Bureau  of  Mines, 
1915,  41  pp. 
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Table  8. — Properties  of  chlorine  derivatives  of  natural  gasfl 


Compound. 


Formula. 


Form  at 
25°  C. 


Boiling 
point. 


Specific  gravity. 


Methyl  chloride 

Dichlorme  thane 

Chloroform 

Carbon  tetrachloride 

Ethyl  chloride 

Dichloreihane 

Ethylidene  chloride. 
Trichlore  thane 

Do 

Tetrachlorethaae — 

Do 

Pentachlorethane . . . 
Carbon  hexachloride 


CH«C1 

CHsClj 

CHC1, 

ecu 

CHjCH2Cl.... 
CHiClCHsCl. 
CHtCHCh.... 

CHjCCl, 

CH2CICHCI5. 
CH^1CC13.... 
CHCU-CHClj. 
CHCljCCli.... 
CCl,CCls 


Gas 

Liquid . 
...do..... 
..do..... 

Gas 

Liquid. 
..do.... 
..do...., 

..do 

..do.... 
...do... 
...do.... 
Solid  M. 
P. 


°C. 

-23.7 
41.8 
61.2 
76.7 
12.5 
83.7 
57.4 
74.5 
115.0 
135.0 
147.0 
159.0 
187.0 


0.9915  at  -23. 7°  C. 

1.378  at  0°C./4°C. 

1.50  at  15°C./15°C. 

1.58at20°C./20°C. 

0.923at2°C.,'2°C. 

1.259  at  15°C./15°C. 

1.18atl5°C./15°C. 

1.32atl5°C./15°C. 

1.  45  at  15°  C./15"  C. 

1.61at0oC./0°C. 

1.59  at  15°C.'15°C. 

1.71. 

2.0. 


o  Data  obtained  from  Landolt-Bomstein  "Physical  Chemistry  Tables"  (1905  ed.1,  and  Watt's  "Chem- 
ical Dictionary." 

When  these  distillation  products  are  compared  with  the  results 
in  Table  8,  showing  properties,  boiling  points,  and  specific  gravities 
of  the  different  chlorine  derivatives  of  methane  and  ethane,  it  is 
evident  that  the  products  are  very  complex.  The  fraction  distilling 
between  50°  and  60°  C.  indicates  dichlormethane  and  chloroform 
as  the  predominating  chlorine  products;  that  between  60°  and  70°  C, 
chloroform  and  dichlore thane ;  that  between  70°  and  80°  C,  carbon 
tetrachloride  and  dichlorethane ;  that  between  80°  and  100°  C, 
trichlore  thane  and  carbon  tetrachloride;  that  between  100°  and 
120°  C,  trichlorethane ;  that  distilling  above  120°  C.  indicates  a 
mixture  of  higher  chlorides  of  ethane. 

The  residue  in  the  ice  bath  from  each  test  was  added  to  that  from 
the  other  tests  of  the  series,  and  a  portion  of  the  mixture  was  dis- 
tilled.    An  example  of  the  results  is  given  in  Table  9  following. 


Table  9. 


■Specimen  record  showing  boiling  points  and  specific  gravities  of  products 
distilled  from  residue  recovered  in  ice-salt  bath. 


Boiling 
point. 

Amount 
obtained. 

Specific 
gravity  at 
15°  C./15°  C. 

1 

Boiling 
point. 

Amount 
obtained. 

Specific 
gravity  at 
15°  C\/15°  C. 

•a. 

32-40 
40-45 
45-50 
50-55 
55-60 

c.c. 
12.0 
23.0 
30.1 
31.5 
29.0 

1.331 
1.317 
1.370 
1.394 
1.413 

°C. 
60-70 
70-80 
80-90 
90-100.... 
Over  100.. 

c.c. 
34.0 
19.1 
7.5 
3.7 
14.7 

1.435 
1.449 
1.445 
1.428 

The  residue  from  the  ice  bath  is  in  general  of  lower  boiling  point 
and  slightly  lower  gravity  than  the  products  recovered  earlier  in 
the  system.  The  results  indicate  that  this  residue  is  a  very  com- 
plex mixture  of  higher  chlorinated  products  of  methane  and  ethane. 

The  residue  began  to  boil  at  32°  C.  The  boiling  point  and  specific 
gravity  of  the  product  distilled  between  32°  C.  and  40°  C.  indicates 
that  dichlormethane  is  the  chief  constituent  of  this  fraction.     The 
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products  of  higher  boiling  points  have  too  low  a  gravity  to  indicate 
a  large  content  of  chloroform  and  carbon  tetrachloride.  The  indi- 
cations are  that  the  predominating  chlorinated  products  are  dichlor- 
ethane,  ethylene  chloride,  trichlorethane,  chloroform,  and  carbon 
tetrachloride. 

USE    OF   METHYL   CHLORIDE. 

Methyl  chloride  is  not  very  widely  used  outside  of  the  dye  industry, 
because  of  the  cost  of  production,  but  if  this  chemical  could  be 
produced  by  any  method  of  cheap  manufacture,  there  should  be  a 
wide  field  for  its  use.  Methyl  chloride  should  make  an  excellent  gas 
for  refrigeration  purposes,  and  has  the  advantage  over  sulphur  dioxide 
and  ammonia  in  that  the  gas  is  harmless  in  small  quantities,  and 
broken  pipes  could  be  easily  repaired  without  great  danger  to  the 
workmen  undertaking  the  task.  It  can  also  be  used  in  surgery  as 
a  freezing  agent  and  as  an  anaesthetic.  Patents  have  been  granted 
for  the  converting  of  methyl  chloride  into  methyl  alcohol.9  It  offers 
possibilities  for  the  making  of  toluol  from  benzol,  using  the  Friedal- 
Craft  reaction. 

DISCUSSION   OF  CATALYZERS   FOR   METHYL  CHLORIDE. 

As  shown  by  the  curves  in  figures  6,  7,  8,  and  9  (pp.  34  to  37)  the 
suitability  of  a  material  for  use  as  a  catalyzer  in  making  methyl 
chloride  from  chlorine  and  methane  depends  in  part  on  the  ability 
of  the  material  to  absorb  chlorine.  The  material  that  is  the  best 
absorbent  for  chlorine  is  the  poorest  catalyzer  for  the  manufacture 
of  methyl  chloride.  This  is  because  the  more  chlorine  absorbed,  the 
higher  is  the  effective  concentration  of  the  chlorine,  and  as  a  result 
the  reaction  tends  to  continue  through  the  methyl  chloride  stage  to 
form  the  completely  chlorinated  product,  carbon  tetrachloride. 

The  best  catalyzers  for  chlorination  work  are  also  capable  of 
acquiring  a  higher  valence  and  passing  from  the  positive  to  the 
negative  radical.  (This  was  also  apparently  true  with  the  NH3 
oxidation  work  conducted  by  the  Bureau  of  Mines.)  It  is  possible 
that  such  an  action  is  what  takes  place  in  the  production  of  methyl 
chloride.  If  a  metal  or  metallic  salt  is  used,  the  metal  may  be 
successively  oxidized  by  the  chlorine  to  a  higher  valence;  the  reverse 
reaction  may  be  obtained  through  reduction  by  the  hot  methane. 

The  results  indicate  that  charcoals  and  specially  treated  coals  are 
of  no  value  as  a  catalyzer  for  the  production  of  methyl  chloride. 
Of  the  many  tests  made,  using  cokes  impregnated  with  the  different 
metals,  the  variations  are  not  very  marked.  Some  of  these  differ- 
ences may  be  due  to  the  error  of  analysis.  The  best  yields  were 
obtained  with  tin  on  coke,  nickel  on  coke,  and  lead  on  coke  as  the 
catalyzers. 

»  Lacy,  B.  S.,  Alcohols,  British  Patent  No.  20550,  Oct.  5,  1914;  Canadian  Patent  No.  191542,  July  15, 1919. 
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SUMMARY  AND  CONCLUSIONS. 

Apparatus  are  shown  and  described  for  the  chlorination  of  natural 
gas  on  a  laboratory  scale.     The  results  show  that — 

Natural  gas  can  be  completely  chlorinated  at  one  operation,  a 
desirable  feature  as  regards  recovering  the  chlorinated  products. 

It  is  possible  to  obtain  yields  of  90  per  cent  or  better  of  chlorinated 
products,  figured  on  a  basis  of  gas  used. 

The  temperature  range  for  the  chlorination  extends  from  about 
225°  C.  to  500°  C.  J 

A  small  amount  of  moisture  in  the  gas  tends  to  help  the  reaction. 

For  producing  carbon  tetrachloride,  activated  charcoals  and 
''batchite"  give  the  larger  yields. 

For  producing  chloroform,  coke  impregnated  with  metals  such  as 
platinum,  nickel,  and  iron  produces  the  higher  yields. 

When  gases  containing  ethane  are  chlorinated,  the  tendency  is  to 
chlorinate  the  ethane  in  preference  to  the  methane. 

Activated  charcoals  and  similar  catalyzers  are  not  suitable  for  the 
production  of  methyl  chloride. 

The  highest  yields  (31  per  cent)  of  methyl  chloride  produced  by 
laboratory  tests  were  from  cokes  impregnated  with  metals  such  as 
nickel,  tin,  and  lead,  using  a  ratio  of  two  volumes  of  chlorine  to  one 
of  gas. 

PRESENT  OUTLOOK  OF  NATURAL  GAS  CHLORINATION. 

The  reaction  between  chlorine  and  natural  gas  is  strongly  exo- 
thermic in  character,  and  when  the  apparatus  is  increased  to  semi- 
plant  size,  difficulties  are  encountered  in  eliminating  the  heat  of 
reaction  by  radiation,  because  the  cross  section  of  the  catalyzer  in- 
creases according  to  the  second  power  of  the  diameter  of  the  reaction 
tube,  whereas  the  radiating  surface  increases  only  according  to  the 
first  power  of  the  diameter.  This  was  not  encountered  in  the  labora- 
tory work.  If  the  temperature  of  the  reaction  chamber  rises 
above  500°  C,  the  reaction  proceeds  according  to  the  formulas: 
CH4  +  2C12  =  C  +  4HC1,  and  C,H6  4-  3C12  =  2C  +  6HC1.  This  reaction  is 
explosive  in  character  and  gives  no  hydrocarbon  chlorides.  The 
heat  control  of  the  reaction  is  the  important  phase  of  the  problem 
that  must  be  solved  before  the  work  can  be  placed  upon  a  plant 
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